While the molecular cues initiating testis determination have been identified in mammals, the cellular interactions involved in generating a functional testis with cord and interstitial compartments remain poorly understood. Previous studies have shown that testis cord formation relies on cell migration from the adjacent mesonephros, and have implicated immigrant peritubular myoid cells in this process. Here, we used recombinant organ culture experiments to show that immigrant cells are endothelial, not peritubular myoid or other interstitial cells. Inhibition of endothelial cell migration and vascular organisation using a blocking antibody to VE-cadherin, also disrupted the development of testis cords. Our data reveal that migration of endothelial cells is required for testis cord formation, consistent with increasing evidence of a broader role for endothelial cells in establishing tissue architecture during organogenesis.
Introduction
Over a 24 h period in the mouse embryo, the developing testis undergoes a dynamic series of cellular and organisational changes that transform the gonadal anlage, the genital ridge, into a highly structured organ. This metamorphosis is initiated at 10.5 days post coitum (dpc) by the expression of the Y-linked testis-determining gene Sry in bipotential supporting cells, causing them to up-regulate expression of Sox9 and differentiate into Sertoli cells (Sekido et al., 2004; Wilhelm et al., 2005) . Between 11.5 and 12.5 dpc, Sertoli cells surround germ cells to form visible cords enclosed by smooth musclelike peritubular myoid cells. Cord formation also defines a second compartment, the interstitium, composed of steroid-producing Leydig cells, vascular, vascular-associated, and mesenchymal cells.
Formation of the testis cords is fundamental to testis structure and function, yet the molecular mechanisms and cellular interactions involved in this process remain unclear. Testis cords form normally in mouse mutants that lack germ cells, indicating that germ cells do not serve as nucleation points for cord formation (Buehr et al., 1993b) . When Sertoli-enriched cell populations are seeded in extracellular matrix-containing gels, Sertoli cells are able to self-assemble into cord-like structures (Hadley et al., 1985) , suggesting that cord formation is driven by Sertoli cell interaction. However, ex vivo culture experiments indicate that cord formation is critically dependant upon cell migration from the mesonephros (Buehr et al., 1993a; MerchantLarios et al., 1993; Martineau et al., 1997; Tilmann and Capel, 1999) . Testis cords failed to segregate into their normal pattern in cultured XY gonads when the mesonephros was removed entirely, or separated from the gonad by a semi-permeable membrane (Buehr et al., 1993a; Merchant-Larios et al., 1993) . When deprived of immigrating cells from the mesonephros, the gonad still expressed markers such as AMH, suggesting that Sertoli cell differentiation can progress in the absence of migration, but that organisational cues are lost (MerchantLarios et al., 1993) .
Given the evidence that migrating mesonephric cells are required for the formation and patterning of testis cords, it is important to establish the makeup of the immigrant cell population. Previous studies have suggested that this population contains multiple cell types including endothelial, peritubular myoid, and vascular-associated cells (Buehr et al., 1993a; Merchant-Larios et al., 1993; Martineau et al., 1997; Merchant-Larios and Moreno-Mendoza, 1998; Nishino et al., 2001) . Observations of a flattened migrating cell type in close proximity to testis cords suggested that peritubular myoid cells arise from the immigrant population (Buehr et al., 1993a; MerchantLarios et al., 1993; Martineau et al., 1997) . Interaction between Sertoli and peritubular myoid cells is required for formation of a basement membrane between these two cell populations, that defines the structure and maintains the integrity of the testis cords (Tung et al., 1984; Skinner et al., 1985) . These observations have underpinned the prevailing hypothesis that peritubular myoid cells or their precursors are the immigrant cells that direct testis cord formation.
An alternative possibility is that endothelial cells influence testis cord formation. Endothelial cells migrate from the mesonephros beginning at 11.5 dpc, forming the testis vasculature at the same time as cords are organised (Brennan et al., 2002; Coveney et al., 2008) . A causal link between the two processes is supported by multiple mouse models where localised formation, or disruption, of cords and vasculature is observed simultaneously (Albrecht et al., 2000; Brennan et al., 2003; Yao et al., 2006) . In one study, VEGFA inhibitors were found to perturb cord formation and vascular density, although a direct effect on cord formation could not be excluded due to the widespread expression of the VEGF receptor KDR in testis cords and the interstitium (Bott et al., 2006) .
Recent live imaging studies have identified several distinct phases in establishing the testis vasculature, in what appears to be a novel vasculogenic process (Coveney et al., 2008) . Mesonephric vasculature first disassembles to generate a population of endothelial cells, which then migrate through the gonad to the coelomic domain, and then reaggregate in an anterior-posterior manner to form the coelomic vessel, an arterial vessel that runs the length of the testis at its antimesonephric margin (Coveney et al., 2008) . The formation of this vessel is one of the hallmarks of testis development and, together with cord formation, distinguishes the early testis morphologically from the developing ovary (Byskov, 1986; Nagamine and Carlisle, 1996; Brennan et al., 2002) . Coveney et al. (2008) used a combination of fluorescence and differential contrast imaging to provide evidence for a close spatial relationship between testis vascularisation and cord formation, but were unable to determine whether nascent vasculature integrates into spaces defined by the formation of testis cords, or instead plays an instructive role in testis cord formation.
Thus, despite a growing understanding of the cellular events in testis development, a number of key questions remain unanswered. In the present study we focus on two of these questions. First, does development of the testis vasculature direct the formation of testis cords, or is the reverse true? Second, if vasculature does play an instructive role in cord formation, is this role carried out in addition to, or instead of, the role proposed for peritubular myoid cells? To address these questions experimentally, we investigated the early morphogenesis of testis cords and the dependence of cord formation on cell migration from the mesonephros. We show that virtually all of the migrating cells express endothelial markers, indicating that endothelial, not peritubular myoid cells underlie the dependence of cord formation on cell migration. Further, disruption of vascular development blocked formation of testis cords. Our data establish that endothelial cells play a central role in testis cord formation.
Materials and methods

Mouse strains and staging
Embryos were collected from timed matings of outbred CD1 strain mice, with noon of the day on which the mating plug was observed designated 0.5 dpc. For more accurate staging, the tail somite (ts) stage of the embryo was determined by counting the number of somites posterior to the hind limb (Hacker et al., 1995) . Using this method, 10.5 dpc corresponds to approx. 8 ts, 11.5 dpc to 18 ts, and 12.5 dpc to 28 ts. The AGFP transgenic mouse line constitutively expressing EGFP from an autosome (Hadjantonakis et al., 1998 ) was a gift from Andras Nagy.
Antibodies
Rabbit anti-SOX9 antibody has been described previously . Rabbit anti-p75/neurotrophin receptor (P75) and rabbit anti NG2 chondroitin sulfate proteoglycan (NG2) antibodies were obtained from Chemicon. Rat antibodies specific for platelet endothelial cell adhesion molecule-1 (PECAM-1) and vascular endothelial cadherin (VE-cadherin) were obtained from BD Biosciences. The VE-cadherin blocking antibody BV13 has been described previously (Corada et al., 1999) . The negative control rat IgG2b antibody was purchased from Abacus ALS. All secondary antibodies, goat anti-rat Alexa Fluor 594, goat anti-rat Alexa Fluor 647, goat antirabbit Alexa Fluor 488, and goat anti-rabbit Alexa Fluor 647, were obtained from Invitrogen.
Organ culture
XY and XX gonads were isolated from wild type or AGFP embryos by dissection in L-15 media (Invitrogen) at room temperature. To assay cell migration, gonads and mesonephroi were separated before recombination of AGFP mesonephroi with wild type gonads on discs of 1.5% agar (BD Bacto Agar #214010) in DMEM with 10% FCS and 100 μg/ml ampicillin as described previously (Martineau et al., 1997; Nishino et al., 2000) . To determine the effect of culture with BV13, gonads were cultured as above with 24 or 40 μg/ml BV13 or rat IgG added to the media. Cultured gonads were then fixed and subjected to whole-mount immunofluorescence or embedded in optimal cutting temperature media (Tissue-Tek) and sectioned with a cryostat at 10 μm for standard immunofluorescence.
Whole mount immunofluorescence
Tissue samples were fixed in 4% paraformaldehyde for 1-4 h or overnight before blocking for 4 h in phosphate buffered saline with 0.1% Triton x-100 (PBTX) and 10% heat inactivated horse serum Invitrogen. Samples were incubated with a 1:100 dilution of primary antibodies at 4°C overnight before washing three times over 3 h or overnight in PBTX and blocking again for 1-2 h. Following the second block, samples were incubated with secondary antibodies at 1:100 dilution for 8 h or overnight at 4°C before a minimum of four 30 min. washes in PBTX. Samples were then mounted on single concave microscope slides (Sail) in phosphate buffered saline with 60% glycerol and imaged on a Zeiss LSM 510 META inverted confocal microscope.
Section immunofluorescence
Cryosection immunofluorescence was performed as described (Jeanes et al., 2005) . Primary antibodies against NG2 and P75 were used at 1:300 dilution.
Quantitative studies
Testis cords were defined as visually distinct clusters of Sertoli cells separated by a gap of ≥5 μm situated under the dorso-ventral midline of the coelomic epithelium. An upper limit of 200 μm width was imposed on the definition to exclude large masses of Sertoli cells that had not formed a cord. Testis cords were counted in optical sections on the midline of each sample measured. Values thus obtained were averaged, compared, and tested for statistical significance using standard error of the mean and Student's T test.
To quantitate the difference in migration between IgG-and BV13-treated cultures, consecutive 5 μm optical sections were taken throughout the depth of each culture and the data set loaded into the image analysis software package Volocity (Improvision). GFPpositive units were defined as a proxy to measure the number of migrating cells using an intensity-based selection threshold. The selection threshold was defined manually to identify individual cells in a representative image, and was then applied across the entire data set. To normalize for differences between cultures, the total number of GFP-positive units was divided by the number of contributing optical sections for each individual culture. Values thus obtained were averaged for 5 cultures from each treatment, compared, and tested for statistical significance using standard error of the mean and Student's T test.
Results
Spatial and temporal coupling of vascular development and early cord formation
We first analysed the cellular movements involved in early testis differentiation as a baseline for subsequent experimental manipulations. Sertoli and endothelial cells were identified using antibodies to SOX9 and platelet endothelial cell adhesion molecule 1 (PECAM-1; Newman et al., 1990) respectively. PECAM-1 is also expressed on the surface of germ cells (Wakayama et al., 2003) , distinguishable by their round morphology from endothelial cells, which are polygonal with extended cell processes.
At 18 tail somites (ts; 11.5 dpc), pre-Sertoli and germ cells were spread evenly among other cells in the mesenchyme of the XY genital ridge (Fig. 1A) . By 23 ts (12.0 dpc), clusters of germ cells were surrounded by pre-Sertoli cells (Fig. 1B, asterisks) . By 25 ts (12.25 dpc) endothelial cells were invariably located in partitions between newly formed testis cords (Fig. 1C, arrowheads) , consistent with an intimate association between vascular and cord formation. By 28 ts (12.5 dpc), interconnected endothelial cells were present in the interstitium, and between the testis cords, and also aligned subjacent to the coelomic epithelium to form the coelomic blood vessel (Fig. 1D, arrowheads) .
To further explore the relationship between endothelial cells and cord formation, we analysed the location of migrating cells with respect to testis cords in ex-vivo assays (i.e., organ culture assays of explanted tissues) in which we cultured wild type XY genital ridges alongside mesonephroi constitutively expressing GFP ( Fig. 2A ) (Nishino et al., 2000) . We established migration assays at 11.25 dpc (16-17 ts) and cultured them for 24 h in order to capture the first migrating cells likely to interact with the cord partitions as they form. Cells expressing both GFP and PECAM-1 invariably occupied the early cord partitions in these cultured gonads (Fig. 2B, arrowheads) . Additional cultures were initiated at 11.5 dpc and incubated for 30 h to observe the position of migrating cells when cords were further developed. In these more mature cultures, migrating cells expressed the vascular endothelial marker VE-cadherin, and were always found between the testis cords (Figs. 2C-E). Consecutive optical sections from the sample imaged in Fig. 2C are provided as a video file to give an overview of the data for this type of assay (Supplementary Video 1) . Together, these data confirm that migrating endothelial cells localise to cord partitions as they form, and that they are present at the right time and place to impact on cord partitioning.
The immigrating cells are endothelial, not peritubular myoid
We next investigated the composition of the cell population that migrates into the testis from the mesonephros. For these experiments we used the same ex-vivo cell migration assays used above, allowing us to view the entire migrating population, and providing an unbiased approach not confined to assessing the contribution of any one cell type. Cultures were established at 11.5 dpc and incubated for 24 h so as to track cell migration during the time period most relevant to the establishment of testis cords (see Fig. 1 ).
Expression of VE-cadherin was associated with most GFP-positive cell bodies and processes, suggesting that the great majority of the migrating cells were endothelial (Figs. 3A, B) . Consecutive optical sections of Fig. 3B are appended as a video file to provide a more complete representation of the data (Supplementary Video 2) . GFPpositive units (used as a proxy for GFP-positive cells) were counted in non-overlapping optical sections from seven explants in three independent experiments, and assigned as endothelial or nonendothelial based on their association with VE-cadherin fluorescence. In these experiments, 1273 of 1277 GFP-positive units (99.69%) expressed VE-cadherin, while only four apparently did not (Fig. 3C) . It is not clear whether these four were dying cells with an aberrant profile of gene expression, vascular cells that appeared to lack VEcadherin expression due to sectioning or other artifacts, or genuinely non-vascular cells. In any case, the finding that essentially all cells migrating into the testis from the mesonephros are endothelial discounts the involvement of peritubular myoid cells or their precursors as a component of the migrating mesonephric cell migration.
To investigate the additional possibility that vascular-associated and/or interstitial cells might migrate in close association with endothelial cells, we analysed the expression of pericyte and interstitial markers in at least 6 frozen sections from 3 independent migration cultures for each marker. Chondroitin sulfate proteoglycan NG2 is an established marker of vascular-associated pericyte and smooth muscle cells (Ozerdem et al., 2001) , and also marks developing mesenchymal cells of various tissues (Stallcup, 2002) . Accordingly, during normal testis development, we found NG2 was expressed at high levels in all cells of the interstitium, and at low levels in testis cords (Fig. 4A) . NG2 was expressed throughout the coelomic epithelium, but excluded from endothelial cells (Fig. 4B) . In migration cultures, GFP-positive migrating cells expressed VE-cadherin but did not express NG2 (Fig. 4C ). These data confirm that no interstitial cells, as marked by NG2, were present among the migrating population.
This conclusion was further supported by analysis of low affinity neurotrophin receptor p75 (p75), a second marker of interstitial cells (Russo et al., 1996) , including peritubular myoid cells (Jeanes et al., 2005) . Migrating, GFP-positive cells expressed VE-cadherin but not p75, further indicating that the migrating cells are endothelial, not peritubular myoid or another interstitial cell type (Fig. 4D) .
Blocking antibody BV13 impedes endothelial cell migration and organisation
A critical test of the hypothesis that migrating endothelial cells have an instructive role in the partitioning of testis cords is to assess the impact of specifically disrupting testis vascularisation. To do this, we used BV13, a monoclonal blocking antibody directed to the extracellular region of VE-cadherin (Corada et al., 1999) . BV13 inhibits formation of adherens junctions and capillary-like structures by endothelial cells and inhibits angiogenesis and tumour growth in multiple systems in vivo (Corada et al., 2002; Liao et al., 2000) . Addition of BV13 to allantois explant culture causes vascular defects that phenocopy those found in VE-cadherin null tissues, demonstrating that VE-cadherin is required to maintain vascular structure (Carmeliet et al., 1999; Gory-Faure et al., 1999; Crosby et al., 2005) . Dose-response experiments in allantois culture have demonstrated a clear effect of BV13 at 24 μg/ml and complete vascular dysmorphogenesis at 50 μg/ml (Crosby et al., 2005) .
To characterize the effect of BV13 on the development of testis vasculature, we assayed endothelial cell migration in the presence of 40 μg/ml BV13, using a species-matched IgG antibody as a control. Cell migration progressed normally in the presence of IgG, with a large population of immigrant endothelial cells gathering under the coelomic epithelium (Fig. 5A, arrows) . Immigrant cells formed an interconnected vascular plexus (Fig. 5A, arrowhead) . In contrast, cell migration in BV13-treated cultures was greatly reduced, and connectivity between individual cells was lost (Fig. 5B, arrowheads) . Differences in the number of migrating cells between the two treatments were quantified by comparing the average number of GFP-positive units per optical section in five cultures from each treatment. Cell migration was reduced by 63% in BV13-treated samples compared to IgG controls (Fig. 5C ). This result, combined with the observed loss of connectivity between migrating cells, suggests that BV13 affects both endothelial cell migration and vascular organisation.
In a further series of experiments, we used a lower concentration of the antibody to elicit a milder disruption of testis vasculature. 11.5 dpc gonads were cultured for 24 h in media containing 24 μg/ml of IgG, or BV13, before vasculature was visualized by staining for VEcadherin. Both IgG-and BV13-treated cultures developed a vascular network indicating that BV13 did not significantly inhibit cell migration at this concentration (Figs. 5D,E) . However, vascular organisation was severely disrupted in BV13-treated cultures (Fig.  5E ), demonstrating that BV13 exerts a more potent effect on vascular organisation than migration. The points of ingression of endothelial cells into BV13-treated gonads appeared to be randomly spaced along the anteroposterior axis, (Fig. 5E, arrowheads) , suggesting that endothelial migration paths are not predetermined, but instead are established stochastically. Furthermore, in contrast to the regular vasculature observed between avascular domains in IgG controls (Fig.  5D, arrowheads) , BV13-treated cultures had a hyper-branched microvascular network which was randomly distributed throughout the gonad (Fig. 5E ). This distribution of the vasculature argues against a possible role for molecular determination of avascular domains, and highlights the importance of cell-cell contacts, in mediating internal vascular structure in the testis.
Disruption of testis vasculature impedes cord formation
We next applied BV13 to gonadal explants to test the effect of disrupted vasculature on cord formation. Cultures were initiated at 11.5 or 11.75 dpc, and incubated for 24 h in media containing 40 μg/ml of IgG, or BV13. IgG-treated gonads developed normal testis cords (Figs. 6A, C asterisks) , a coelomic vessel (Figs. 6A, C, arrows) , and regular vessels between testis cords along the dorso-ventral axis of the gonad (Figs. 6A, C, arrowheads) . In contrast, there were no continuous vessels along the dorso-ventral axis and a complete lack of testis cords in samples treated with BV13 (Figs. 6B, D) .
Coelomic vessel formation was also inhibited in cultures initiated at 11.5 dpc, but not at 11.75 dpc (Figs. 6B, D, arrows) . It is possible that initiation of cultures at 11.75 dpc permitted formation of the coelomic vessel prior to the action of BV13, or that BV13 differentially affects major vessels and microvasculature. In large vessels, intercellular adhesion involves multiple junctions, including tight junctions, which are mediated not by VE-cadherin, but by claudins. Claudin-mediated adhesion is not directly affected by VE-cadherin blocking antibodies (Bazzoni and Dejana, 2004) , and so it is not surprising that in the experimental conditions used, coelomic vessel formation was not abolished.
Isolated endothelial cells were observed in the body of the treated samples (Figs. 6B, D, arrowheads) . Some localised partitioning of Sertoli cells was observed around these cells (Figs. 6B, D, dashed lines) . A number of endothelial cells were also visible under the coelomic epithelium (Figs. 6B, D, arrows) , indicating that some migration had occurred (Brennan et al., 2002; Coveney et al., 2008) . No remnant cord partitions were observed that might have indicated migration paths of these cells, or vascular structure prior to treatment with BV13. Therefore the presence of vasculature is required not only to initiate cord partitioning, but also to maintain the partitions between testis cords in the early stages of their formation.
To confirm that the BV13 antibody had penetrated to the centre of the organ cultures, we incubated 11.5 dpc gonads in media containing BV13 for 3 h before fixing them and detecting BV13 with a fluorescent secondary antibody. Clear signal was recorded from endothelial cells in optical sections along the midline of the gonad, demonstrating complete penetration of the antibody (Fig. 6E) .
To quantitate the effect of BV13 on cord formation, testis cords were counted in IgG-and BV13-treated gonads. Cultures initiated at 11.5 dpc and treated with IgG developed 10.4 ± 0.2 testis cords (n = 5); parallel cultures treated with BV13 had an average of only 1.2 ± 0.4 cords (n = 7). Cultures initiated at 11.75 dpc showed a similarly The presence of 40 μg/ml IgG did not inhibit migration in culture. Large numbers of endothelial cells gathered under the coelomic epithelium (arrows) and connections between adjacent immigrant endothelial cells were intact (arrow head). (B) The presence of 40 μg/ml BV13 severely reduced cell migration into the XY gonad. Fewer immigrant cells were observed under the coelomic epithelium (arrow), and connectivity between cells was lost (arrowheads). Dashed lines represent the boundary of the gonadal compartment. Scale bars 50 μm. (C) Differences in the number of migrating cells between the two treatments were quantified by measuring the average number of GFP +ve units per optical slice. XY gonads cultured in the presence of BV13 showed a 63% reduction in cell migration. IgG n = 5, BV13 n = 5; bars represent standard error. ⁎p = b0.05. (D, E) Maximum-intensity projections were used to provide a 2D representation of the entire vascular system from cultures treated with 24 μg/ml of IgG or BV13. Both control and BV13-treated samples had a robust vascular plexus. However, vascular pattern and organisation was perturbed by BV13 (arrowheads). The random distribution of vasculature in BV13-treated cultures suggests that endothelial migration paths are not predetermined. Scale bar 50 μm.
dramatic reduction in testis cord numbers (IgG: 7.3 ± 0.5 cords, n = 4; BV3: 1.2 ± 0.5 cords, n = 8; Fig. 6F ). We conclude that disruption of testis vasculature caused by BV13 resulted in non-formation of testis cords, confirming that testis cord formation depends on normal vascular development.
Discussion
The results of this study clarify two outstanding issues relating to early testis morphogenesis. First, our data showing that peritubular myoid cells do not migrate from the mesonephros counter the prevailing view that peritubular myoid cell migration is required to consolidate testis cord formation. Although previous studies have established the presence of peritubular myoid cells in the migrating population (Buehr et al., 1993a; Merchant-Larios et al., 1993; Martineau et al., 1997) , the criteria used in those studies to identify peritubular myoid cells were not definitive, given the difficulty in recognizing these cells from an early stage. Our findings are in agreement with a recent independent study showing that no cells expressing αSMA, a marker for interstitial cells including peritubular myoid cells, migrate during the period of cord formation . Interconnected vessels (arrowheads) were observed in the body of the gonad marked in red by VE-cadherin. The vessels separated distinct, rounded testis cords marked in green by SOX9 (asterisks). A continuous coelomic vessel ran under the surface of the gonad (arrow). (B) 11.5 dpc testis cultured for 24 h in 40 μg/ml BV13. Culture with BV13 resulted in disruption of testis vascular development and loss of cord formation. Isolated endothelial cells were present in the body of the gonad (arrowheads) but the regularity, pattern, and connectivity of the vasculature was lost. Coelomic vessel development was also severely disrupted (arrows). The population of Sertoli cells appeared to be randomly distributed throughout the gonad with no obvious organisation. (C) 11.75 dpc testis cultured for 24 h in 40 μg/ml IgG. Vasculature and testis cords had formed normally with distinct testis cords (asterisks), a regular vascular network between the cords (arrowheads), and a continuous coelomic vessel (arrow). (D) Vascular structure in the testis was severely disrupted with only isolated endothelial cells observed in the gonad body (arrowheads). The coelomic vessel formed though it was irregular and discontinuous (arrows). Sertoli cells were not organised into testis cord structures though there is some space not occupied by Sertoli cells around the isolated endothelial cells (dashed lines). Scale bars A-D 50 μm. (E) BV13 antibody was detected in a 5 μm optical section from the middle of a whole mount organ culture demonstrating complete penetration of the antibody after 3 h. Scale bar, 50 μm. (F) Comparison of testis cord numbers in IgG-and BV13-treated cultures initiated at 11.5 and 11.75 dpc. Average number of testis cords in BV13-treated gonads was severely reduced compared to controls. 11.5 dpc IgG n = 5, BV13 n = 7, 11.75 dpc IgG n = 4, BV13 n = 8; bars represent standard error. For both comparisons p b 0.001.
What is the true origin of peritubular myoid cells? We propose that they arise from interstitial cells, derived either from original genital ridge mesenchymal cells or from coelomic epithelial cells that have undergone epithelial-to-mesenchymal transformation concomitant with the rapid rate of cell division at the coelomic epithelium (Schmahl et al., 2000) . In support of this possibility, many genes expressed in early peritubular myoid cells are also expressed throughout the interstitium (Jeanes et al., 2005) . Peritubular myoid cells may differentiate from other interstitial cells in response to physical contact with, or signalling from, Sertoli cells. The Sertolisecreted signalling molecule DHH may be involved in peritubular myoid cell differentiation, as defects in peritubular myoid cell development are evident in mice lacking this molecule (PierucciAlves et al., 2001) .
The second major finding from our experiments is that migrating endothelial cells direct the formation of the testis cords. This finding contributes to a growing body of work supporting an instructive role for endothelial cells in organ development. Endothelial cells have been shown to have an inductive role in early liver, and pancreas development (Matsumoto et al., 2001; Lammert et al., 2001 ). In the eye, endothelial cells act as a source of diffusible morphogen to influence development of nearby epithelia (Dakubo et al., 2008) . Further, lung patterning is established through coordinate regulation of vascular and epithelial branching morphogenesis (Schwarz et al., 2000; Del Moral et al., 2006; Yamamoto et al., 2007) .
We propose a model of testis morphogenesis being driven by a series of events regulated by Sertoli and migrating endothelial cells (Fig. 7) . Cord formation is initiated amongst evenly distributed Sertoli and germ cells (Fig. 7A) by clustering events in which Sertoli cells are drawn to each other and to the germ cell population, if germ cells are present (Fig 7B) . Recent data supports a role for neurotrophic tyrosine receptor kinases in regulating this phase of cord formation (Gassei et al., 2008) . Intercellular interactions with the migrating endothelial cells then initiate formation of testis cords through creation of cord partitions (Fig. 7C) . Sertoli cells in newly partitioned units then potentially regulate the maturation of testis cord shape and size through self-adhesion and production of extracellular matrix proteins, in conjunction with peritubular myoid cells, to create a basement membrane that defines the structure of the cords (Fig. 7D) . A particularly intriguing aspect of this model is that pre-Sertoli cells (directly or indirectly) are required to induce endothelial cell migration, and endothelial cell migration in turn is required to induce Sertoli cell maturation and organisation, as defined by cord formation.
How might endothelial cells influence testis cord formation? Endothelial cells express many secreted or cell surface factors capable of influencing the surrounding environment (Cleaver and Melton, 2003; Dakubo et al., 2008) . In addition to transmitting paracrine signals, endothelial cells actively remodel the surrounding extracellular matrix during angiogenesis (Hiraoka et al., 1998; Rundhaug, 2003) . Recent live imaging of testis vascularisation has revealed that individual endothelial cells pioneer paths across the gonad that are then used by other endothelial cells during their migration to the coelomic epithelium (Coveney et al., 2008) . The authors propose two alternate possibilities: that migrating endothelial cells subdivide the field of gonadal cells into cord-forming units, or that they migrate between boundaries of pre-determined avascular domains which condense to form a consistent number and pattern of testis cords (Coveney et al., 2008) . Our data support the former, in which endothelial migration paths are not predetermined, but instead arise at randomly spaced intervals (Figs. 5E, 7C ). Pioneer endothelial cells would then modify the gonadal extracellular matrix during their migration, creating paths of weakness (Murphy and Gavrilovic, 1999) , and increasing availability of angiogenic factors such as VEGF (Lee et al., 2005; Bott et al., 2006) , that together might promote the migration of subsequent endothelial cells. During this process, cord partitions would arise through a combination of endothelial-driven proteolytic segmentation, and instructive signalling between endothelial and surrounding Sertoli cells. Finally, definitive cords would grow to become uniformly spaced and similar in size (Fig. 7D) , causing the interposing vasculature also to become evenly spaced. Further morphological and molecular analysis of testis cord formation will assist in testing this hypothesis.
The identification of endothelial cells as the cell type regulating testis cord formation paves the way for investigating a possible causative role for vascular defects in testis dysgenesis in new and existing mouse models, and also in human disorders of sex development. However, the nature of the signalling and/or physical interactions between ingressing endothelial cells and Sertoli cells remains to be determined, and future studies will focus on clarifying these interactions at a molecular level. 
